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Abstract Renewable micro-CHP systems are a combination of micro-CHP tech¬ 
nology and renewable energy technology, such as biomass gasification systems or 
solar concentrators. The integration of renewable energy sources with micro-CHP 
allows for the development of sustainable energy systems with the potential for 
high market penetration; a cost-effective and reliable heat and electricity supply; 
and a highly beneficial environmental and economical impact on a pan-European 
scale. The purpose of this chapter is to present results from the European co¬ 
ordination action project MICROCHEAP that intended to bring together industrial 
specialists and research experts to focus entirely on renewable micro-CHP tech¬ 
nology, co-ordinate and steer research in this field, and highlight the most promis¬ 
ing technologies with the highest potential for market penetration in existing and 
future market conditions. The chapter discusses the state of the art technological 
options in the field of renewable micro-CHP with biofuels with regards to tech¬ 
nology, cost, and environmental impacts and presents a market survey concerning 
the possibility of future penetration of the technology in Europe. The results will 
provide a coherent overview of the basic technological options for renewable 
micro-CHP with biofuels and will provide an insight to the market trends within 
Europe and projected future market scenarios, taking into account cost estimations 
for various micro-CHP technologies, feedstocks, and electricity and fuel prices in 
Europe. 
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8.1 Introduction 


Conventional power generation consists of large central plants connected to a grid 
supplying power to the customer. While such systems offer centralization they 
suffer from significant thermal losses as well as line transmission losses. Critical is 
the distribution grid that must be maintained and expanded to meet growth. To 
expand the grid realistically in today’s environment is difficult. Not only from a 
practical perspective but unattainable in most metropolitan areas simply due to 
density and the NIMBY principal (Not In My Back Yard). The end result is the 
customer pays for these inefficiencies not only in cost of power but also in power 
outages, power sags and surges, and unstable frequency, etc. 

Combined heat and power (CHP) systems (also known as cogeneration) gene¬ 
rate electricity and thermal energy in a single, integrated system. In a traditional 
power plant that delivers electricity to consumers, about 30% of the heat content 
of the primary heat energy source reaches the consumer, although the efficiency 
can be 20% for very old plants and 45% for newer gas plants. In contrast, a CHP 
system converts 15^12% of the primary heat to electricity, and most of the remai¬ 
ning heat is captured for hot water or space heating. In total, as much as 90% of 
the heat from the primary energy source goes to useful purposes when heat pro¬ 
duction does not exceed the demand. Cogeneration works in parallel with the 
utilities grid reducing the strain. In critical power quality needs it can act as a filter 
to bring true high quality power that meets the client’s needs. In some cases (de¬ 
pending on local and state regulation) a cogeneration plant can be designed to 
generate excess power for sale onto the grid creating an additional revenue source 
for the client. 

CHP systems have benefited the industrial sector since the energy crisis of the 
1970s. For three decades, these larger CHP systems were more economically 
justifiable than micro-CHP, due to the economy of scale. After the year 2000, 
micro-CHP has become cost effective in many markets around the world, due to 
rising energy costs. The development of micro-CHP systems has also been facili¬ 
tated by recent technological advances in small heat engines. This includes im¬ 
proved performance and/or cost-effectiveness of {Stirling, steam, diesel, Otto} 
engines and gas turbines. The main difference of micro-CHP systems from their 
larger-scale kin is in the operating parameter-driven operation. In many cases 
industrial CHP systems primarily generate electricity and heat is a useful by¬ 
product. In contrast, micro-CHP systems, which operate in homes or small com¬ 
mercial buildings, are driven by heat-demand, delivering electricity as the by¬ 
product. Because of this operating model and because of the fluctuating electrical 
demand of the structures in which they would tend to operate, homes and small 
commercial buildings, micro-CHP systems will often generate more electricity 
than is instantly being demanded. 

Renewable micro-CHP systems, on the other hand, are a combination of micro- 
CHP technology and renewable energy technology, such as biomass gasification 
systems or solar concentrators. The integration of renewable energy sources with 
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micro-CHP allows for the development of sustainable energy systems with the 
potential for high market penetration. These technologies potentially have much to 
offer in helping us to achieve our objectives of tackling climate change, ensuring 
cost-effective and reliable heat and electricity supply and tackling fuel poverty. As 
well as providing low carbon energy to homes and small commercial buildings, 
micro-generation can provide the same service to community buildings, such as 
leisure centers and schools. In such premises, not only does the micro-generation 
installation help to reduce carbon emissions; it can also help to educate and inform 
communities about energy and, hopefully, persuade people to reduce their own 
carbon footprint. 

The current work presents results from the European co-ordination action pro¬ 
ject MICROCHEAP that intended to bring together industrial specialists and re¬ 
search experts to focus entirely on renewable micro-CHP technology, co-ordinate 
and steer research in this field, and highlight the most promising technologies with 
the highest potential for market penetration in existing and future market condi¬ 
tions. The chapter discusses the state of the art technological options in the field of 
renewable micro-CHP with biofuels with regards to technology, cost, and envi¬ 
ronmental impacts, and presents a market survey concerning the possibility of 
future penetration of the technology in Europe. 


8.2 State of the Art of Micro-CHP with Biofuels 

Directive 2004/8/EC of 11 February 2004 “on the promotion of co-generation 
based on a useful heat demand in the internal energy market” provides the follow¬ 
ing definition of micro-CHP: ‘micro-cogeneration unit’ shall mean a cogeneration 
unit with a maximum capacity below 50 kWe. The suite of technologies caught by 
this definition includes solar (photovoltaics - PV - to provide electricity and 
thermal to provide hot water), micro-wind (including the new rooftop mounted 
turbines), micro-hydro, heat pumps, biomass, micro combined heat and power 
(micro CHP), and small-scale fuel cells [1]. The current work will focus on micro- 
CHP technologies that can be used in combination with biofuels, and will focus on 
three main systems using the most commercially available to date technologies: 
micro-turbines, Stirling engines, and fuel cells. 


8.2.1 Micro-Turbines for Micro-CHP 

The operating theory of the micro-turbine is similar to the gas turbine, except that 
most designs incorporate a recuperator to recover part of the exhaust heat for pre¬ 
heating the combustion air and increase the electric efficiency. Air is drawn 
through a compressor section, mixed with fuel, and ignited to power the turbine 
section and the generator. Hot exhaust gas from the turbine section is available for 
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Table 8.1 Current manufacturers of micro-turbines (less than 200 kWe) 


Manufacturer 

Range of models 

Capstone Turbine Corporation 

30, 60 kWe (next 200 kWe) 

Elliot Energy Systems Inc. 

80 kWe 

Turbec AB 

100 kWe 

Bowman Power Ltd. 

50, 80 kWe 

Ingersoll-Rand Energy Systems 

70 kWe (next 250 kWe) 


CHP applications (hot water heating or low pressure steam applications). The high 
frequency power that is generated is converted to a grid compatible 50 Hz through 
power conditioning electronics. Their compact and lightweight design makes mi¬ 
cro-turbines an attractive option for many light commercial/industrial applications. 

Most manufacturers are pursuing a single-shaft design in the 25-250 kW range, 
where the compressor, turbine, and permanent-magnet generator are mounted on a 
single shaft supported on lubrication-free air bearings. These turbines operate at 
speeds of up to 120,000 lpm and can be operated on a variety of fuels, such as 
natural gas, gasoline, diesel, alcohol, biofuels, etc. With recuperation, efficiency is 
currently in the 25-30% LHV range, or even higher for new designs. Table 8.1 
shows a list of the current manufacturers of micro-turbines below 200 kWe [2], 
while Table 8.2 presents the general specifications of market micro-turbine co¬ 
generation systems [3]. 

Installed prices of $800-1200/kW for CHP applications is estimated when mi¬ 
cro-turbines are mass produced, while availability is similar to other competing 
distributed resource technologies, i.e., in the 90-95% range. Micro-turbines have 
substantially fewer moving parts than engines. The single shaft design with air 
bearings will not require lubricating oil or water, so maintenance costs should be 
below conventional gas turbines. Micro-turbines that use lubricating oil should not 
require frequent oil changes since the oil is isolated from combustion products. 
Only an annual scheduled maintenance interval is planned for micro-turbines. 


Table 8.2 General specifications of some market micro-turbine CHP systems [3] 



Capstone micro-turbine 



Elliot/ 

Bowman 

Turbec 


NG/ 

gaseous 

propane 

Diesel or 
kerosene 

Biogas 
(landfill or 
digester gas) 

NG 


NG, propane, 
LPG, and butane 

NG 

Electrical 
capacity (kW e i) 
Electrical 

30 

30 

30 

28 

60 

80 

105 

efficiency (%) 

26 

25 

26 

25 

28 

28 

30 

LHV 

Overall efficien¬ 
cy (%) LHV 

91 

90 

91 

91 

89 

75 

78 

Thennal output 
(kW) 

85 

85 

85 

85 

150 

136 

167 
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Table 8.3 Micro-turbine emission characteristics [3] 



Capstone model 330 

Ingersoll-Rand 
Energy Systems 
70LM (two shaft) 

Turbec T100 

Nominal capacity, kW e i 

30 

70 

100 

Electrical efficiency (%) HHV 

23 

25 

27 

NOx, ppmv 

9 

9 

15 

CO, ppmv 

40 

9 

15 

THC, ppmv 

<9 

<9 

<10 

C0 2 , lb/MWh 

1928 

1774 

1706 

Carbon, lb/MWh 

526 

484 

465 


Maintenance costs are being estimated at 0.006-0.01$/kW. Micro-turbines also 
promise lower noise levels and can be located adjacent to occupied areas [4-6]. 

Micro-turbines have the potential for producing low emissions. They are de¬ 
signed to achieve low emissions at full load; however, emissions are higher when 
operating under reduced load. Today’s micro-turbines have a greater efficiency and 
lower emissions of greenhouse gases than internal combustion engines [7]. Low 
emission combustion systems are being demonstrated that provide emissions per¬ 
formance comparable to larger CHP turbines. The main pollutants from the use of 
micro-turbine systems are NO x , CO, C0 2 , and unburnt hydrocarbons, and negligible 
amount of S0 2 . NO x emissions are targeted below 9 ppm using lean pre-mix tech¬ 
nology without any post combustion treatment. Emission characteristics of micro¬ 
turbine systems based on manufacturers’ guaranteed levels are given in Table 8.3. 


8.2.2 Stirling Engines for Micro-CHP 

Stirling engines are closed cycle engines operating on the Stirling cycle, character¬ 
ized by an external heat supply. An external heat supply allows the use of any heat 
source operating at a sufficient temperature level. The Stirling engine operates by 
continuous heating and cooling of a fully enclosed working gas, usually helium, 
air/nitrogen or hydrogen. The alternate compression and expanding of a fixed 
amount of high pressure gas is transformed into a rotating movement to which the 
electric generators are connected. The continuous external combustion process of 
the Stirling engine provides good combustion control and low exhaust emission 
levels. Within the closed Stirling cycle, pressure variations of the working gas 
follow an almost sinusoidal curve, which is one of the basic reasons for the low 
noise and vibration level of a Stirling engine. Another reason for the low noise is 
that there is no connection between the working gas and the outside atmosphere as 
opposed to the exhaust pipe of an IC engine. 
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The Stirling engine was first patented in 1816 by Robert Stirling as an applica¬ 
tion of the regenerator he had invented. Throughout the nineteenth century, several 
working models were built and some were operated successfully for a while, but 
eventually more effective and powerful steam and internal combustion engines 
replaced the Stirling engines. The development of the modern high speed Stirling 
engine with a pressurized gas cycle started in the 1930s. The Philips electric com¬ 
pany did pioneering work and although Philips abandoned Stirling development in 
the 1970s, most Stirling engines that are on the market today use solutions that 
were originally developed at Philips. 

Two main families represent modern Stirling engines: kinematic and free piston 
Stirling engines. Kinematic Stirling engines are the largest group of Stirling en¬ 
gines. In these engines, the reciprocating movement of the power piston is trans¬ 
ferred to a rotating shaft by mechanical means. The engines can be used to drive 
an electric generator. Depending on the geometric arrangement of the pistons (and 
displacers), different variants are the alpha, beta, or gamma engines. Depending on 
the interconnection of multiple cylinders, these engines can operate with single or 
double acting pistons. Kinematic engines have been demonstrated in the power 
range 0.1-500 kW. In free piston engines the reciprocating movement of the po¬ 
wer piston is used to drive a linear electric generator. These engines are compara¬ 
tively simple in mechanical terms and require little maintenance. Free piston en¬ 
gines have been demonstrated in the power range 0.05-3 kW [8], 

The main feature that distinguishes modern Stirling engines from competing 
technologies such as internal combustion engines and fuel cells is the flexibility of 
the heat source. Stirling engines can be heated by concentrated sunlight, waste 
heat, and, depending on an appropriate burner design, a host of different fuel ty¬ 
pes. Stirling engines are therefore well placed for applications involving: 

• concentrated sunlight: solar dish Stirling engines; 

• combustion of biomass: biogas or oil fired Stirling engines. 

Because Stirling engines are comparatively quiet and the external burners can 
operate with very low emission levels Stirling engines are also suitable for use in 
the built environment. As a result there has been an extensive effort in the past 
decade to develop Stirling engines custom made for micro-cogeneration systems. 
The Stirling engine technology is still not quite developed and represent an emerg¬ 
ing technology although some applications already exist. They are commercially 
available as 55-kW units and are projected to be available in 150- to 300-kW si¬ 
zes. They are also manufactured for much smaller powers of 1 kWe (or less) to a 
few kWe. The units generally available for micro-CHP are 1-9 kWe, with overall 
efficiencies in excess of 90%. Emissions from current Stirling burners can be ten 
times lower than that emitted from gas Otto engines with catalytic converter, mak¬ 
ing the emissions generated from Stirling engines comparable with those from 
modern gas burner technology. Stirling engines, being external combustion ma¬ 
chines, have a number of advantages in terms of reliability and performance and 
ultimately should have a cost between that of spark and compression ignition 
automotive units, although current capital costs are high. Service intervals of be- 
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Table 8.4 Stirling engine manufacturers [8] 


Manufacturer/location 

DTE Energy Technologies 55 kW-1 MW, overall efficiency of 84% 

Kockums AB Sweden 

Sigma Elektroteknisk AS, Norway 3 kW e electrical output, 9 kW themial output, Electrical 

efficiency > 25% 

SOLO Kleinmoteren GmbH, Germany 2-9 kW electrical output, 8-24 kW thermal output, 

overall efficiency 92-96% 

Stirling Energy Systems, Phoenix, AZ, 

USA 


Stirling Technology Co., Kennewick, 

WA, USA 

Stirling Technology, Inc., Athens, OH, 

USA 

Sunpower, Athens, OH, USA 7 kW electrical output 

Tamin Enterprises, Half Moon Bay, CA, 

USA 


Whisper Tech Limited, New Zealand Up to 1 kW electrical output, 7.5-12 kW thermal output 


tween 3,500 h and 5,000 h (equivalent to more than 1 year’s economic operation) 
are expected compared with 750-1000 h for IC engines. (Claims of longer service 
intervals are normally based upon oversized components such as large oil reser¬ 
voirs which cannot be applied in normal domestic systems.) Life expectancy 
should be 50-60,000 h compared with 10,000 h for an IC engine. Table 8.4 pre¬ 
sents some of the Stirling engine manufacturers (some in the development stage). 


8.2.3 Fuel Cells for Micro-CHP 

A fuel cell is an electrochemical device for the direct conversion of the chemical 
energy of hydrogen into electricity, heat and water vapor. This conversion can be 
done with very high electrical efficiency (35-55%) and with minimum environ¬ 
mental intrusion. These two aspects have rendered fuel cells the most likely en¬ 
ergy conversion devices in the medium to long term, in both transport and station¬ 
ary applications and for all power ranges. The capability of fuel cells to operate 
with a variety of fuels is of particular interest to the present study, since this makes 
them a favorite candidate for the optimal use of biofuels. 

The basic operation of a fuel cell is exactly the opposite of electrolysis. In an 
electrolyzer, an electric current is passed through water which is broken into oxy¬ 
gen and hydrogen. In a fuel cell hydrogen and oxygen are combined producing an 
electric current and water. The principle was demonstrated by Sir W. Grove in 
1839. Fuel cells operate very much like batteries, the main difference being that in 
batteries the reactants are stored within the battery itself and are limited by its size, 
while in a fuel cell they are stored externally and energy can be produced as long 
as fuel is fed to the anode and an oxidant to the cathode. The most common types 
of fuel cells are: 
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• Proton exchange membrane fuel cells (PEM) where the electrolyte is an ion 
exchange membrane. PEM fuel cells have the potential for the low costs that 
would make them suitable for home, farm, and similar small applications. A 
particular example is the direct methanol fuel cell (DMFC). 

• Alkaline fuel cells (AFC), where the electrolyte is an 80% concentrated solu¬ 
tion of KOFI. They were the first in the market in spacecraft applications and 
have thermal efficiencies of up to 70%, but are typically too expensive for 
commercial use. 

• Phosphoric acid fuel cells (PAFC) where the electrolyte is 100% concentrated 
phosphoric acid. They are already commercially viable for some applications 
and can approach thermal efficiencies of 85% if the steam byproduct is applied 
rather than wasted. 

• Molten carbonate fuel cells (MCFC) where the electrolyte is alkali carbonates 
that in the high operating temperatures of this fuel cell (1,200°F) form molten 
salts. They are probably limited to industrial applications. 

• Solid oxide fuel cells (SOFC) where the electrolyte is a solid, non-porous metal 
oxide. SOFC operate around 1,800°F and are thus probably limited to industrial 
applications and large power plants. 

Fuel cells are expensive to build since demand has not reached the level that 
would allow mass production, meaning many devices are still built by hand. Addi¬ 
tionally, some fuel cells use expensive materials, such as platinum. The average 
cost of fuel cells (depending on type and technology) for micro-CFIPapplications 
is 5,000-15,000 €/kW. 

Even though reliability is potentially higher than that of competing technolo¬ 
gies, currently the reliability of fuel cells and their operating life is lower, due to 
the immaturity of the technology. Guarantees offered by most fuel cell manufac¬ 
turers are limited to 1 year or 1,500 operating hours; therefore long term O&M 
costs are a significant cost factor [8]. 

The cost of integration of fuel cells into an existing micro-CFlP energy system 
is considerable compared to other conventional solutions. In most cases the fuel 
that will drive fuel cells (pure hydrogen, biogas, other hydrocarbons) is not avail¬ 
able on site and should also be purified so as not to poison the fuel cell catalyst. 
Therefore a drying and purification unit should be integrated into the energy sys¬ 
tem and this naturally increases the overall cost. In the case where fuel cells are 
driven by pure hydrogen, an electrolyzer with a considerable cost should also be 
added. These costs are eliminated when fuel cells driven by available on-site natu¬ 
ral gas are used. Moreover, most fuel cells with a small to medium capacity, suit¬ 
able for integration in micro-CHP energy systems deliver DC current, and there¬ 
fore a DC/AC inverter and other power electronics with a considerable capital cost 
should also be added. In addition, safety precautions that should be taken into 
consideration in the presence of hydrogen also increase the cost of integration of 
fuel cells into an existing micro-CHP energy system. 

Fuel cell systems do not involve the combustion processes associated with re¬ 
ciprocating internal combustion engines and micro-turbines. Consequently, they 
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Table 8.5 Estimated fuel cell emission characteristics [3, 9] 


Fuel cell type 

PEMFC 

PEMFC 

PAFC 

SOFC 

MCFC 

Nominal electrical capacity (kW e i) 

10 

200 

200 

100 

250 

Electrical efficiency (%) HHV 
Emissions 

30 

35 

36 

45 

46 

NO x (ppmv at 15% CL) 

1.8 

1.8 

1.0 

2.0 

2.0 

CO (ppmv at 15% O 2 ) 

2.8 

2.8 

2.0 

2.0 

2.0 

Unbumt hydrocarbons 

0.4 

0.4 

0.7 

1.0 

0.5 

(ppmv at 15% O 2 ) 

C0 2 (lb/MW h) 

1360 

1170 

1135 

910 

950 

Carbon (lb/MW h) 

370 

315 

310 

245 

260 


have the potential to produce fewer emissions. The major source of emissions is 
the fuel processing subsystem because the heat required for the reforming process 
is derived from the anode-off gas that consists of about 8-15% hydrogen, com¬ 
busted in a catalytic or surface burner element. The temperature of this lean com¬ 
bustion process, if maintained below 1000°C, prevents the formation of oxides of 
nitrogen (NO v ). In addition, the temperature is sufficiently high for the oxidation 
of carbon monoxide (CO) and unburnt hydrocarbons. An absorbed bed helps in 
removing other pollutants such as oxides of sulfur (SO x ) (see Table 8.5). 


8.2.4 Biofuels for Micro-CHP 

Biomass can be used as a fuel for micro-CHP installations after pre-treatment and 
conversion into an applicable fuel. The conversion of the raw biomass into an 
applicable fuel can take place coupled with the final application at one location, or 
uncoupled with conversion and application at different locations. Uncoupled con¬ 
version has the advantage that large scale biomass pre-treatment and conversion 
technologies can be used; a disadvantage is the need for a distribution system for 
the final product, although it must be recognized that in coupled systems biomass 
transportation to the site also often takes place. Table 8.6 provides an overview of 
possible biomass-to-application chains for coupled supply chains that could be 
suitable for the current study [10]. 


Table 8.6 Coupled biomass-to-application chains suitable for micro-CHP 


Biomass product category 

Conversion technology 

Product 

Application 


Combustion 

Hot flue gas 

Stirling engine 

Solid biomass 

Gasification 

Producer gas 

Micro-turbine, 

Fuel cell 

Liquid biomass 

- 

- 

Micro-turbine 

Gaseous biomass 

Anaerobic digestion (manure) 

Biogas 

Micro-turbine 
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Examples of coupled biomass-to-application chains are the conversion of solid 
biomass, i.e., wood chips, pellets, or briquettes into heat and application in a Stir¬ 
ling engine. For use in a Stirling engine a clean gaseous heat flow of a temperature 
of more than 900°C is needed. Anaerobic digestion of manure is a common CF1P 
application, usually in the range of 35-300 kWe, so it can be regarded either as 
micro-CFIP or small scale CF1P. Anaerobic digestion of sludge and landfill gas 
extraction and electricity are usually performed at capacity levels substantially 
higher than 50 kWe. Liquid biomass like biodiesel, bio-ethanol, pure vegetable oil, 
and pyrolysis oil are all the result of conversion and upgrading of the biomass at a 
central facility site. 


8.3 Market Survey on Future Penetration 
of Biofuel Micro-CHP in Europe 

A market survey on the possible future penetration of the three biofuel micro-CFIP 
technologies under examination, namely micro-turbines, Stirling engines, and fuel 
cells has been carried out for 25 European countries (EU-25): Belgium, Czech 
Republic, Denmark, Germany, Estonia, Greece, Spain, France, Ireland, Italy, Cy¬ 
prus, Latvia, Lithuania, Luxembourg, Hungary, Malta, Netherlands, Austria, Po¬ 
land, Portugal, Slovenia, Slovakia, Finland, Sweden, and United Kingdom. Ta¬ 
ble 8.7 summarizes the basic technological and economic parameters that have 
been used for the assessment of the market potential of the three technologies. The 
unit sizes, electric, and thermal efficiencies are based on the available data on the 
state of the art micro-CHP technologies that have been presented in the previous 
sections, while unit prices include the overall cost for the micro-CHP system to¬ 
gether with the costs pertaining to the fuel system, e.g., fuel drying and purifica¬ 
tion unit for a fuel cell, etc. The assumed prices, especially for the Stirling engine 
and fuel cell units, also reflect the fact that the engines will become cheaper as the 
market size increases, but they are both considerably higher than the micro-turbine 
unit price. 

Due to lack of detailed data concerning the actual number of boilers in the 
countries under survey that could be replaced by micro-CHP units, the study is 
based upon the calculation of a number of “typical” boilers in each country and 
the corresponding full-load hours of operation per year. In order to evaluate these 
figures, the study has been based on available data from Eurostat concerning the 


Table 8.7 Basic technological and economic assumptions for the three technologies 


Unit type 

Unit size 
(kW e l) 

Electric effi¬ 
ciency (%) 

Thermal effi¬ 
ciency (%) 

Unit price 
(Euro/kW) 

Maintenance 
costs (Eu- 
ros/kWh) 

Micro-turbine 

18.0 

25.0 

60.0 

1,000 

0.01 

Stirling engine 

2.0 

20.0 

60.0 

1,800 

0.02 

Fuel cell 

6.0 

40.0 

50.0 

3,000 
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yearly fuel consumption and electricity consumption for households, coupled with 
available data on total population per country, average number of persons per 
household, and building distributions. The Eurostat final energy consumption data 
from households that have been used for the calculations are presented in Ta¬ 
ble 8.7. Based on the population of each country, the household fuel energy con¬ 
sumption and electricity consumption per capita is calculated. Eurostat provides 
the household energy consumption per capita, which also includes electricity con¬ 
sumption for heating and other appliances. By subtracting the fuel energy con¬ 
sumption from the Eurostat energy consumption, the electricity consumption per 
capita for space heating/water heating is obtained. Next, the total efficiency for 
household fuel consumption is calculated per country for the fuel mixture used 
(electricity for space/water heating included), by assuming a fuel efficiency of 
70% for gas + petroleum, 40% for solid fuels, 20% for biomass, and 95% for elec¬ 
tricity. The above-mentioned calculations are presented in Tables 8.8 and 8.9. 

Available data on the average number of persons per household and percentage 
distribution of buildings per category (detached and semi-detached single family 
house, building with less than 10 dwellings, building with more than 10 dwell¬ 
ings), have been used to calculate the number of buildings per category and per¬ 
sons per building, with the assumption of a fixed number of families per type of 
building (1, 6, 18 for each type of building respectively, uniform throughout Eu¬ 
rope since no other data are available). Data on average persons per family and 
distribution of buildings were available only for the EU-15. For the rest of the 
EU-25, persons per family have been assumed higher, due to a lower GDP, and 
the buildings distribution was chosen the same as in neighboring EU-15 countries. 
The aforementioned data are summarized in Table 8.10 

The above calculated data on the energy consumption and efficiency, buildings 
and persons per building category (Table 8.11) are used in order to calculate a num¬ 
ber of “typical” size boilers per building type and fuel category, the average full 
load hours a micro-CElP unit of a given output can be operated, based on the esti¬ 
mated electricity demand of the building, and the heat requirements per building. 
The number of boilers of a given fuel type X is given by the following formula: 

Boilers of a fuel type X = e ffi clenc y °f f uel X m P ut f uel X . tota l number of households 
average efficiency X total input fuel 

The efficiencies of fuel X used in the calculations are 70% for gas + petroleum, 
40% for solid fuels, and 20% for biomass. The calculated numbers of boilers for 
the 25 countries under investigation for each building category and type of fuel is 
presented in Table 8.11. 

The estimation of the market potential for the three types of micro-CHP units is 
conducted next. The units were chosen so that each unit size can cover the needs 
of a particular type of building: the 2-kW Stirling engine for detached and semi¬ 
detached single-family houses, the 6-kW fuel cell for buildings with less than ten 
dwellings and the 18-kW micro-turbine for buildings with more than ten dwellings 
and therefore each technology is examined in terms of possible market penetration 
in the particular market segment. The estimation has been based on the combina- 
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tion of two factors: the first one is a “marketability factor”, defined by the ratio 
capital cost/GDP per building, the latter obtained from Eurostat. This factor has 
been used in order to represent the maximum capital investment relative to the 
income in a particular country that the residents of a building would be willing to 
pay for the purchase of micro-CHP equipment. The second is the payback factor, 
representing the economic usefulness of the capital investment. For each of the 
two factors, a maximum acceptable value is set rendering the factor 0, while for 
values less than the maximum, there is a linear variation of the factor from 0 to 1. 
For the present study, the maximum values of the factors have been set to 10% of 
the GDP (per building) and 7 years for the payback period. 

The payback period is calculated from the capital costs and the annual profit 
from the investment in each case. The annual profit equals to the annual costs for 
operation of the units (CF1P fuel + maintenance) minus the cost of displaced fuel 
and cost of electricity displaced. The cost of displaced fuel is calculated by the 
following equation: 

Fleat output (CF1P) x Price of fuel displaced/Thermal efficiency of fuel displaced, 
where 

Fleat output (CF1P) = Full load hours x Unit size x Thermal efficiency/Elec. 

efficiency 

The calculation of the annual profit includes an adjustment if the heat coverage 
of the micro CF1P system is greater or equal to 100%, to account for the actual 
heat requirement of the building. If it is greater than unity, only 100% of the heat 
requirement is included in the profit calculation, assuming that the rest is not used. 
For the above calculations, the operating and economic data of the units (Ta¬ 
ble 8.7), the estimated full load hours of operation of the units, and the prices of 
electricity and fuels (cogeneration fuel and fuel displaced) have been used. 

As concerns the electricity price and fuel prices, data were acquired from the 
Eurostat database for the various European countries. The electricity prices were 
found in the form of yearly prices per kWh including taxes for different ranges of 
electricity consumption. The biomass price has been assumed equal to 
0.01 Euros/kWh th . Table 8.12 presents basic input data for the above describe 
calculations, while Table 8.13 presents the results of the survey for the possible 
future penetration of the selected biofuel micro-CHP systems. 

The results show a potential of ca. 6 million units of 2-kW Stirling engines for 
detached and semi-detached single-family houses, 180,000 units for 6-kW fuel 
cells for buildings with less than 10 dwellings, and 1.2 million units of 18-kW 
micro-turbine units for buildings with more than 10 dwellings for the EU-25, with 
an annual electricity fed to the grid of ca. 122 TWh. The results also include an 
estimation of the required annual biomass quantities for operation of the installed 
units, for typical biomass, for each country under investigation. The availability of 
the quantities is an additional another factor that could affect the market potential. 
Nevertheless, the current survey shows that there is indeed a significant potential 
in Europe for application of decentralized micro-CHP technologies in the future. 



Table 8.8 Final energy consumption from households for various fuels and electricity (source: Eurostat) 
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Table 8.9 Calculations of household energy consumption and efficiency 
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Slovenia 1,995 543 594 1,355 588 1,185 56.9 

Slovakia 5,379 392 549 912 1,831 2,953 73.2 

Finland 5,201 577 997 3,834 4,888 5,185 69.1 

Sweden 8,925 261 854 4,640 6,898 7,622 81.8 

UK_59,234_551_744_1,934_2,250_44,070_75J 



Table 8.10 Data and calculations of buildings/persons 
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Table 8.12 Basic economic input for the calculations 
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1,051,071_17,744_0.0647_0.0233 



Table 8.13 Basic results on market penetration of selected biofuel micro-CHP technologies 


194 


A. Doukelis and E. Kakaras 


%0£ 
-iSl/m 
8 = AHT 

(SdUUOP[) 

uop 

-dmnsuoo 


OO CN SO 

O Oi Ot M -H 

r- ro <o o i> 

''tL on krT rsT 


ho N- k o ks 


o n m n cj Oi 


(4A\0) 

UOIJB 
-J 9 U 9 § 
Xjp p 

-iflosm 


O Os 
M VO t 

r- o os 


« ho hi- m w 


Os 

SO (N Os 

spun 3 — 0 


n M oo 

t-- 00 SO *T) 

SO^ Os 

^ ^ oo § o' m 


' Un oo © m i> co 


o oo os 

<n co r- o os 

., C\ O if) -H Ifl 

r- in' r-^ m*' ^ 

—• so — -tt fi 


mocsr-oo 


I I I I I I ^ | in 

| o © © o © <N <n © o o 


SO © Os 

Slllin fN <N OS OO so — 

+ - iA <n m (N co ^ m — <N 

TO ' 0 SJ o' 'A ^ OO » « "f T Of °~ 

■f 1 >L -HOoomooTn^j-oos^oomoo^oooo 


X JP £ 

-1-H3313 % 


<n co r-~ 

CO O 
OO (N O 


cnor^vooo 


vo oo 

o *>.2 

(NOOOOOO^OnOOO 


m in on o 

°°„ 3 

- in no 

OOCO^CNCOCOOO 


Xjjunoo u N 


S a .3 K 


u\ o m u £J 2 

Qlol wIoIc^Iph 


<l> 13 >» ts .ts 
iaujj 


£ 2 z ^|£|«ai 


Slovakia _0_0 _0 _ 0_967_48_ 86 

Finland 94,196 _758_575_28_ 27,444 _ 3,977 _ 8,897 

Sweden _ 94,633 _834_U091_58_ 23,277 _ 3,694 _ 8,592 

UK_ 272,304 _ 1,264 _1_0_ 33,084 _ 2,764 _ 7,818 

Total 5,961,222 26,821 179,628 4,280 1,221,689 91,211 229,342 
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8.4 Conclusions 

The current work has presented results from the European co-ordination action 
project MICROCHEAP that was intended to bring together industrial specialists 
and research experts to focus entirely on renewable micro-CHP technology, co¬ 
ordinate and steer research in this field, and highlight the most promising tech¬ 
nologies with the highest potential for market penetration in existing and future 
market conditions. The state of the art in technological options in the field of 
renewable micro-CHP with biofuels with regards to technology, cost, and envi¬ 
ronmental impacts has been presented in detail and results of a market survey have 
been provided, concerning the possibility of future penetration of three selected 
biofuel micro-CHP technological options in Europe. The results have demon¬ 
strated a significant potential for future application of the technology in house¬ 
holds. Further technological developments and capital investment reductions 
might make such installations even more feasible in the near future. 
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